We present a discussion of the time evolution of the mass and energy of a model coronal mass ejection (CME), analyzing both synthetic coronograph images and three-dimensional data of the numerical ideal magnetohydrodynamics (MHD) simulation. Our global steady state coronal model possesses high-latitude coronal holes and a helmet streamer structure with a current sheet near the equator, reminiscent of near solar minimum conditions. Within this model system, we drive a CME to erupt by the introduction of a Gibson-Low magnetic flux rope that is embedded in the helmet streamer in an initial state of force imbalance. The flux rope rapidly expands and is ejected from the corona with maximum speeds in excess of 1000 km s À1 driving a fast-mode shock that propagates from the inner corona to a distance of 1 AU. We study the mass and energetics of the CME inferred from the threedimensional results of the simulation, as well as calculated from synthetic coronograph images produced at different times. The two-dimensional plane-of-sky density structure of a CME is discussed for wide-angle coronographs, such as the Heliospheric Imager (HI-2) on board STEREO (Solar Terrestrial Relations Observatory), and compared with the three-dimensional density structure. We found that the CME mass derived from the synthetic coronographic images is an underestimate by about 50% of the total mass of the CME according to the three-dimensional data. Two main reasons can be invoked: the poor assumption that all the mass of the CME is in the plane of the sky and the wrapping of the front shock around the density-depleted cavity, which leads to an apparent decrease in brightness of the front shock. Subject headingg s: MHD -Sun: coronal mass ejections (CMEs)
INTRODUCTION
Coronal mass ejections (CMEs) are the most extreme events occurring in our solar system and are usually defined as largescale expulsions of plasma observed as bright arcs by coronographs. Typically, 10 15 10 16 g of coronal material is hurled into interplanetary space with a kinetic energy of the order of 10 31 10 32 ergs. Because of their energetics and global scale, CMEs have been the topic of extensive research in the last 30 yr. Coronographs observe the integral of the Thomson-scattered light by secondary electrons: CMEs appear as two-dimensional whitelight images projected onto the plane of the sky. The advantage of this type of observations over radio, IR, or UV observations is that Thomson scattering depends on only the observed density and is independent of the wavelengths and temperature (Hundhausen 1993) . CMEs range in speed from 20 to 2500 km s À1 , and those with speeds in excess of the ambient solar wind (fast CMEs) eventually drive shocks ahead of them as they propagate from the Sun. For CMEs with velocities greater than 1000 km s
À1
, signatures of shock formation in the corona have been observed in coronograph images. Recently, Vourlidas et al. (2003) reported the detection of a shock traveling in the lower heliosphere based only on coronograph images from LASCO. This detection was made for a jet-CME (angular width of about 20 ) observed by LASCO on 1999 April 2. Synthetic coronograph images of CMEs seem to be a simple and relevant way to display two-dimensional representations of CMEs, and producing such images from simulations has several goals. Line-of-sight images are the best way to study the density structure and masses of CMEs. Producing synthetic white-light images and comparing those with three-dimensional data sets will provide information on how the density structure of a CME obtained from real coronographs is related to the three-dimensional structure of the CME. Recently, Vourlidas et al. (2000) and Dal Lago et al. (2002) proposed methods to infer energetics and masses of CMEs from LASCO images. In this article, we perform a derivation of the mass and energetics of a CME calculated from the synthetic coronograph images with a method similar to the one employed by Vourlidas et al. (2000) , and we compare the results with the mass obtained from the simulated threedimensional density structure. This way, it is possible to directly test the accuracy of the derivation methods, even if the simulation might not exactly reproduce the observations.
Another advantage of being able to produce synthetic coronograph images is that it may help in providing useful information on future and prospective instruments. Today, LASCO observes the corona up to 32 R (more precisely, the three coronographic telescopes observe the following regions of the corona C1: 1.1-3 R , C2: 2-6 R , and C3: 3.8-32 R ). However, the next generation of instruments (Solar Mass Ejection Imager [SMEI] , STEREO) have a much wider field of view, observing the sky up to 330 R along the Sun-Earth line for the Heliospheric Imager (HI) on board STEREO, for example. Moreover, the presence of two identical satellites drifting away from each other at an average rate of 45 yr À1 will allow STEREO to provide stereographic views of CMEs and will help the scientific community in understanding the three-dimensional structure of CMEs (for more informations about STEREO HI, see, e.g., Socker et al. 2000; Defise et al. 2003) . We produce STEREO HI-like white-light images for CMEs propagating with different angles with respect to the Sun-Earth line and to the spacecrafts' trajectories.
The propagation of a CME from the inner corona to 1 AU has been numerically modeled (e.g., Usmanov & Dryer 1995; Wu et al. 1999; Groth et al. 2000; Riley et al. 2002; Manchester et al. 2004b) , with increasing degrees of sophistication. Synthetic line-of-sight images of CMEs have been produced in and Manchester et al. (2004a) . Here we pursue the work of Manchester et al. (2004b) and produce synthetic white-light images of the heliosphere in order to study the line-of-sight density structure of the CME and the associated expelled mass. In this numerical MHD simulation, the CME travels through an ambient solar wind that is representative of a solar minimum configuration. We look at how mass, energetics, and density structures can be inferred from synthetic line-of-sight images of CMEs and how those results may be extended for existing or future coronographs.
The simulation on which this paper is based is identical to the one discussed in Manchester et al. (2004b) . The steady state corona and bimodal solar wind are based on the model of Groth et al. (2000) , which possesses open polar field lines and lowlatitude closed field lines forming a streamer belt. Within this system, a three-dimensional magnetic flux rope (taken from a family of analytical solutions by Gibson & Low (1998, hereafter GL98) is placed within the streamer belt with both ends tied to the inner boundary. The organization of the paper is as follows. We give a brief description of the conservative form of the equations of MHD and the scheme used to solve them in x 2. Details of the steady state corona and solar wind, as well as an outline of the Gibson-Low flux rope model, are given in x 3. The method used to produce synthetic coronograph images is explained in x 4 with a discussion on the density structure of the CME and a comparison of three-dimensional density isosurfaces with synthetic coronograph images. The time-evolution of the expelled mass and energies derived from synthetic coronograph images is analyzed in x 5 and followed by a comparison with the mass and energy calculated using the three-dimensional data sets. The discussion of the expected features and capacities of STEREO HI is done in x 6 for different positions of the spacecrafts with respect to the CME propagation axis. Finally, in x 7, we discuss the simulation results and some of its relevant simplifications, the possible limitations of the mass and energetics calculation using coronograph images, and the observational amelioration expected from the STEREO mission.
GOVERNING EQUATIONS OF THE MHD MODEL
In our model of the corona and heliosphere, we assume that the systems are composed of magnetized plasmas that behave as an ideal gas with a polytropic index, ¼ 5/3. The plasma is assumed to have infinite electrical conductivity so that the magnetic field is ''frozen'' into the plasma. Gravitational forces on the plasma are included, but only those forces due to the Sun; there is no self gravitation of the plasma. Finally, volumetric heating of the plasma of a chosen form is assumed to occur in the corona. With these assumptions, the evolution of the system may be modeled by the ideal MHD equations written in conservative form:
where is the plasma mass density, u is the plasma velocity, B is the magnetic field, and p is the plasma pressure (sum of the electron and ion pressures). The volumetric heating term, Q, parameterizes the effects of coronal heating, as well as heat conduction and radiation transfer (see x 3). The gravitational acceleration is defined as g g g ¼ Àg(r/r)(R /r) 2 , where R is the solar radius and g is the gravitational acceleration at the solar surface. The total energy density, , is given by
where gravity is omitted from the total since it is treated as a momentum source term. This system of eight equations describes the transport of mass, momentum, and energy with three equations describing the evolution of the magnetic field given by Faraday's Law assuming infinite electrical conductivity. These equations are then put in dimensionless form, using values of the density and ion-acoustic wave speed from a suitable part of the physical domain (in this case the low corona) in addition to a reference length scale (in this case the solar radius). The dimensionless equations are then solved, using the block-adaptive tree solar wind Roe-type upwind scheme (BATS-R-US) code (Powell et al. 1999; Groth et al. 2000) . This code is designed to run efficiently on massively parallel computers and solves the equations of MHD with the use of block adaptive mesh refinement (AMR). This feature of the grid allows for orders-of-magnitude variation in numerical resolution within the computational domain. Such an adaptive grid is necessary to clearly resolve structures such as shocks and current sheets in the context of a global coronal model extending beyond 1 AU.
MODELS OF THE SOLAR WIND AND THE CME
In order to simulate the time-dependent behavior of a CME propagating from the low corona through the solar wind, a representative MHD model of the steady state background solar wind is required. With such a model, the evolution of a CME is then formulated as a propagation problem with the initial condition of the corona and solar wind specified by the steady state solution.
In this section, we describe our steady state model of the corona and solar wind that is designed to approximately reproduce conditions near solar minimum. The essential features of this model are (1) open magnetic field lines forming coronal holes at high latitude, (2) closed magnetic field lines forming a streamer belt near the Sun at low latitudes, and (3) the bimodal nature of the solar wind reproduced with fast wind over the poles and slow wind at low latitudes. A thin current sheet forms at the tip of the streamer belt and separates opposite-directed magnetic flux originating from the two poles. The model is simplified by alignment of the magnetic axis with the z-axis, so the solution is axisymmetric. Also, solar rotation is included, since the domain extends to more than 300 R at which distance the azimuthal component of the Parker (1963) spiral is significant. While the magnetic field structure of this steady state solution is simple, more recent models incorporate synoptic magnetogram observations for more realistic magnetic field configurations (Roussev et al. 2003) .
The corona is composed of high-temperature (T > 10 6 K), low-density ( % 10 À16 g cm À3 ) plasma constituted primarily of ionized hydrogen that expands outward at supersonic speeds, and in doing so, forms the solar wind (Parker 1963) . The steady state model of the corona and solar wind described here was first developed by Groth et al. (2000) and has since been modified as described in Manchester et al. (2004a) and Manchester et al. (2004b) . The steady state numerical model is made with the assumption that the base of the corona is at the inner boundary and acts as a reservoir of hot plasma with an embedded magnetic field. The temperature of that plasma is taken to be 2:85 ; 10 6 K with a plasma density of ¼ 2:5 ; 10 À16 gm cm À3 . The intrinsic magnetic field at the solar surface, B 0 , may be written as a multipole expansion containing dipole and octupole moments. The dipole and octupole moments are chosen such that the maximum field strength at the poles is 8.4 and 2.2 G, respectively, at the equator. Volumetric heating of the model corona is introduced in a way that attempts to mimic the effects of energy absorption above the transition region, thermal conduction, and radiative losses, as well as satisfying known constraints of coronal heating. The heating scale height function is kept constant at 4.5 R in the streamer belt and increases inside the coronal hole so that it varies from 4.5 R near the equator to 9 R at the poles. It is important to mention that this heating function was designed with several free parameters with the desire of reproducing observed overall features of the fast and slow solar wind.
Computational Mesh
The computational domain for the simulation extends from À192 R < x < 192 R , À48 R < y < 336 R , and À192 R < z < 192 R , with the Sun placed at the origin with the magnetic axis aligned with the z-axis. The system is initially resolved with 22,772 self-similar 6 ; 6 ; 6 blocks containing a total of 4.9 million cells. The blocks are distributed in size over eight levels of refinement, with each subsequent level of refinement using cells half the size of the previous level (in each dimension). In this case, cells range in size from 1/32 to 4 R and are spatially positioned to highly resolve the central body and the flux rope as well as the heliospheric current sheet. The grid is refined every 100 iterations during the first 10 hr after CME initiation with the frequency reduced to every 200 iterations thereafter. AMR criteria are chosen so that blocks close to a chosen radial line with large time variations in density are preferentially refined. In this way, the high-resolution mesh tracks the shock and sheath of the CME along a particular radial direction. Resolution along the shock is maintained at 1/32 R to a distance of more than 40 R from the Sun. As the shock approaches 1 AU, we gradually reduce the grid resolution to 1/8 R .
Boundary Conditions
We specify appropriate boundary conditions at the inner boundary (the spherical surface r ¼ R ) and the outer boundary (the outer surfaces of the rectangular domain) in the following way. Coronal boundary conditions are a function of heliospheric latitude. In the coronal holes poleward of 0 ¼ 17N5, the following values are prescribed in ghost cells inside r ¼ R : ¼ 2:5 ; 10 À16 gm cm À3 , p ¼ 5:89 ; 10 À2 dyn cm À2 , u ¼ 0, and B ¼ B 0 . These values are then allowed to interact with the solution inside our physical domain through the r ¼ R boundary by solving the Riemann problem at the boundary. The boundary is treated as a discontinuity in which the inside values are the prescribed boundary values and the outside values are taken from the adjacent active cell. These conditions set up a pressure gradient that drives plasma away from the Sun and permits plasma to pass through the boundary as the mass source for the solar wind. In the streamer belt equatorward of 0 , the following values are prescribed just inside r ¼ R :
, where the subscript outside refers to the values just outside r ¼ R , which are computed by the flow solution scheme. These conditions strictly enforce a zero flow at the boundary in both the radial and tangential directions, with the exception of the solar rotational flow. Since the CME is initiated in the streamer belt, these conditions ensure that no mass is added to the flux rope after its initiation through the inner boundary. The boundary conditions also enforce continuity of the magnetic field across r ¼ R . This provision allows the magnetic field of the flux rope (prescribed in the streamer belt) to pass through the interface where the footpoints are effectively ''line-tied'' to the rotating surface. At the outer boundary of the domain, the flow is superfast. Thus, all waves are exiting the domain, and no information from outside the domain propagates into the domain.
Steady State Solar Wind Solution
The solar wind solution is produced by the time evolution of the system subject to a prescribed heating function, intrinsic magnetic field, and boundary conditions. Local time stepping is used to speed up convergence, achieving a near steady state solution after 146,000 iterations with AMR periodically applied to resolve the heliospheric current sheet. Figure 1a depicts a two-dimensional cut through the three-dimensional steady state model showing a meridional slice. The false color coding indicates the velocity magnitude, juj, of the plasma, while the magnetic field is represented by solid white lines. The magnetic field remains closed at low latitude close to the Sun, forming a streamer belt. At high latitude, the magnetic field is carried out with the solar wind to achieve an open configuration. Closer to the equator, closed loops are drawn out and at a distance (r > 3R ), collapse into a field reversal layer. The resulting field configuration has a neutral line and a current sheet originating at the tip of the streamer belt similar to numerical solution originally obtained by Pneuman & Kopp (1971) . Inspection of Figure 1a reveals a bimodal outflow pattern with slow wind leaving the Sun below 400 km s À1 near the equator and high-speed wind above 750 km s À1 found above 30 latitude.
Flux Rope of Gibson & Low
The CME is initiated within this coronal model by superposing a three-dimensional Gibson-Low magnetic flux rope (Gibson & Low 1998) in the streamer belt in an initial state of force imbalance as is reported (Manchester et al. 2004a (Manchester et al. , 2004b . The density structure of the model possesses a dense helmet streamer containing a cavity embedded with a prominence-type density enhancement. Such long-lived coronal structures are often observed to give rise to CMEs (e.g., Hundhausen 1993) . Figure 1b shows a three-dimensional representation of the GL flux rope embedded in the solar magnetic field. The dense prominence material is represented by a white isosurface at the base of the rope. The GL flux rope is a fully three-dimensional model, as can be seen especially in the poloidal field lines (blue) on Figure 1b , which has no symmetry with respect to the equatorial (z ¼ 0) plane. With our inclusion of the GL flux rope to a numerical, steady state model of the corona and solar wind, we can allow the GL flux rope to interact self consistently with a realistic structured solar wind. To begin, we do not prescribe a flow field to the flux rope and surrounding corona; rather, the CME results from an initial force imbalance due to a removal of part of the plasma in the flux rope. More substantial force imbalance results from insufficient background coronal plasma pressure to offset the magnetic pressure of the flux rope. The equilibrium state of GL requires a significant outward increasing plasma pressure to offset the magnetic pressure in the upper portion of the magnetic flux rope. The background corona is insufficient to provide this pressure, which leaves the flux rope with unbalanced magnetic forces that drive the eruption.
SIMULATED LINE-OF-SIGHT IMAGES OF CME

Calculation of the Brightness of a Density Structure
We first describe the synthetic line-of-sight images of a CME propagating into the inner heliosphere, as seen, for example, by LASCO. The line-of-sight images are produced as follows: A satellite position is defined, as well as the direction in which it is looking (in this section, the satellite is in orbit at 215 R and looking directly at the Sun). The plane of the sky is defined as the plane perpendicular to the particular line of sight joining the Sun and the satellite. The dimension of the image and the number of points in the radial and azimuthal directions are input parameters (the images in this article range from 200 ; 200 to 300 ; 300 points). The mesh is regular and polar; each point of the line-of-sight image is separated by the same radial distance and the same angle. For each point of the image, the line of sight passing through this point and the satellite is defined, and the density is calculated at discrete locations along this line. Then the total and polarized brightnesses are calculated using a formula from Billings (1966) :
where is the limb-darkening parameter, fixed at a value of 0.5; hereafter, A, B, C, and D are functions of the half-angle subtended by the Sun only, and is the angle between the plane of the line-of-sight image and the line connecting the Sun's center and the mass element in the line of sight. This way, it is possible to reproduce features related to a large-angle coronograph.
Here Figure 2 shows the corona viewed from the x-axis (limb Fig. 2. -CME propagating along the y-axis, as it would be seen from a satellite in an Earth-like orbit with a field of view of 32 R centered at the Sun. All views correspond to the time t ¼ 5 hr. view), the z-axis (polar view), and the y-axis (halo view), 5 hr after the launch of the CME. Each panel shows a bluescale image of the ratio of the total brightness of the corona over the total brightness of a preevent corona, as it would be observed by LASCO coronographs.
These figures do not take into account any instrumental limitations concerning the signal-to-noise ratio or the brightness contrast. Note as well that the scale of the brightness for the three figures is different. The common features identifiable on the three panels are those associated with the front shock and the densitydepleted cavity associated with the flux rope. The dense core of plasma can be identified in the side-view coronograph image, but it is barely discernible for the following reasons. First of all, it is only at a distance of $3 R away from the front shock, which shows a much stronger brightness increase. Thus, the dense core tends to be hardly discernible over the trailing edge of the shock. Second, after 5 hr of propagation into the solar corona, the core, which originally has a mass of 10 15 g, has already overexpanded so that the associated density increase is not as large as it was just after the initiation. The side view shows the mass enhancement due to the front shock, whose position can be estimated from this image to lay approximately at 23.5 R . This view shows as well the large extent of the front shock in the z-and y-directions, which will have direct consequences on the derivation of physical quantities from the line-of-sight images. The polar view has the highest brightness and shows the front shock wrapping around the Sun in the x-y plane. The enhancement of the total brightness is much lower in the front view (halo) than in the two other views. This view directly reflects the interaction of the shock with the bimodal solar wind. The global shape of the halo is an oval, as the shock propagates faster in the low-density fast wind encountered at higher latitudes. Thus, it has a higher Mach number in the lowlatitude regions, where it propagates slower. The same feature is observable in the limb view, with the shock appearing stronger in the low-latitude regions. This effect has been described previously for two-and three-dimensional simulations (see, e.g., Riley et al. 1997; Odstrcil & Pizzo 1999; Manchester et al. 2004b ).
Comparison of Line-of-Sight Images with the Three-dimensional Density Structure
We produce synthetic coronograph images and threedimensional density isosurfaces for time 15 minutes, 10 hr, 24 hr, Line-of-sight images of the CME, 15 minutes after its launch, as seen from a coronograph looking at the limb CME. The black disk, corresponding to 1.1 R , shows the occulting disk of the coronagraph, and the white circle shows the position of the Sun. Top right: Two isosurfaces showing a density increase of 30% (red ) a density decrease of 70% (blue) over the preevent density structure, 15 minutes after the launch of the CME. Bottom left: Line-of-sight images of the CME, 10 hr after its launch, as seen from a coronograph looking at the limb CME with a field of view of 64 R centered at the Sun. The black disk, corresponding to 2 R , shows the occulting disk of the coronagraph, and the white circle shows the position of the Sun. Bottom right: Two isosurfaces showing a density increase of 30% (red ) a density decrease of 20% (blue) over the preevent density structure, 10 hr after the launch of the CME. The yellow sphere is positioned at the Sun and has a radius of 10 R . and 49.4 hr after the launch of the CME (Figs. 3 and 4) . We consider a coronograph with a field of view of 32 (similar to LASCO-C3), 64, 100, and 200 R , respectively, looking at the Sun from the x-axis, i.e., the direction directly perpendicular to the CME propagation axis in the current sheet. Figure 3 (top right) shows two density isosurfaces corresponding to an increase of 30% (red ) and a decrease of 70% (blue) over the preevent density structure. The observer is looking at the CME as it is moving away from him in the y-direction. The associated line-of-sight image is shown in the top left panel of the same figure. Both the front shock and the density-depleted cavity are visible in those pictures. Particular to these figures is the presence of the dense core of plasma of the flux rope. This density increase near the current sheet is embedded into the density-depleted cavity; it corresponds to the brightness increase at a distance of $2 R near the heliospheric current sheet (Fig. 3, top left) . The sigmoidal shape of this dense core is specific to the GL model and introduces a three-dimensional core of mass that is seen as a red backward ''S'' embedded in the cavity that appears blue in Figure 3 (top right; Gibson & Low 2000) . Since this dense core of plasma is embedded in the cavity, it only results in a weak density increase over the background (the maximum total brightness in the core is about 1.03 times the preevent brightness), but it is still discernible in this line-of sight image, because the cavity leads to a surrounding brightness decrease. Both figures show the large angular extent of the shock. It can, however, be noted that an increase by a factor of 2 in the density does not lead automatically to an increase of 2 in the associated brightness. A line of sight going through the shock also goes through many points with almost no density increase, and the integrated brightness along Line-of-sight images of the CME, 24 hr after its launch, as seen from a coronograph looking at the limb CME with a field of view of 100 R with the Sun offset by 40 R The black disk, corresponding to 2 R , shows the occulting disk of the coronagraph, and the white circle shows the size of the Sun. Top right: Two isosurfaces showing a density increase of 30% (red ) a density decrease of 20% (blue) over the preevent density structure, 24 hr after the launch of the CME. The yellow sphere is positioned at the Sun and has a radius of 10 R . Bottom left: Line-of-sight images of the CME, 49.4 hr after its launch, as seen from a coronograph looking at the limb CME with a field of view of 200 R with the Sun offset by 100 R . The large black disk, corresponding to 4 R , shows the occulting disk of the coronagraph, and the white circle shows the position of the Sun. The smaller black disk shows the position of Earth in this picture with a size of 0.5 R . Bottom right: Two isosurfaces showing a density increase of 30% (red) a density decrease of 30% (blue) over the preevent density structure, 49.4 hr after the launch of the CME. The yellow sphere is positioned at the Sun and has a radius of 10 R . this line of sight will reflect this with a lower brightness increase. We come back to this point in the discussion (x 7). Eventually, an interesting phenomenon is the position of the maximum brightness increase. From the white-light image, it can be seen that the brightest region is the region between 15 and 40 about half a solar radius behind the shock front. This corresponds to the region in which a postshock compression occurs (Manchester et al. 2005) . The bottom left and bottom right panels of Figure 3 show, respectively, the line-of-sight image of the CME in the y-z plane, 10 hr after the launch of the CME and two density isosurfaces corresponding to an increase of 30% (red ) and a decrease of 20% (blue) over the preevent density structure. The dense core of plasma is not visible anymore, because the core overexpanded to become less dense than the background solar wind. Such an overexpansion readily explains why magnetic clouds observed at 1 AU are often only low-density structures (Burlaga et al. 1982) . In those pictures, a new feature is the presence of a reverse shock at midlatitude. The reverse shocks appear as a brightness increase in the line-of-sight images and as a region of density increase at midlatitude behind the front shock in the three-dimensional isosurfaces. Another feature associated with the front shock, which begins to be discernible in those figures is the concave-outward indentation of the shock in the region close to the current sheet. It is a direct consequence of the interaction of the propagating MHD fast shock with the bimodal solar wind: the shock travels slower in denser material at low latitudes in the slow solar wind. This large-scale structure has been identified previously in Odstrcil et al. (1996) and has been described for the same simulation in Manchester et al. (2004a) . Eventually, synthetic line-of-sight images with a large contrast prove to capture extremely well the complex threedimensional structure of the density-depleted cavity. The top left and bottom left panels of Figure 4 are the line-of-sight images of the CME 24 and 49.4 hr after its launch, respectively. The right panels show for the same times density isosurfaces corresponding to an increase of 30% (red ) in both cases and a decrease of 20% (blue) in the 24 hr case and 30% (blue) in the 49.4 hr case over the preevent density structure. The most important features visible in those four images are the complex nature of the density-depleted cavity, the extent of the front shock, and its concave-outward indentation and the presence of a reverse shock. It should be noted that the front shock extends more toward Earth in the line-of-sight images than in the threedimensional images. This can be explained by the combination of the very wide field of view of the instrument and the large extent of the front shock in the x-y plane. At the extremities of the coronograph images, a given line of sight makes a nonnegligible angle with the x-direction and will cross the front shock at a point between the x-z plane and the spacecraft. This leads to a brightness increase for points in the plane-of-sky not yet reached by the front shock.
EVALUATION OF THE MASS AND ENERGETICS OF CMEs
We continue our study of the line-of-sight images with a look at the techniques used to get the physical quantities from coronograph images. We reproduce the technique used to get the mass and energies of a CME from white-light images (Vourlidas et al. 2000; Dal Lago et al. 2002) and compare the obtained values first with observational data to validate the simulation. If those comparisons are satisfying, it is then possible to compare those values with the values obtained from the three-dimensional data for the same simulation. This way, it is possible to quantify exactly how accurate the mass and energy calculated from coronograph images are. Since the observation of density structures by coronographs is based on a projection onto the plane of sky, the specific geometry (axis of propagation of the CME, direction of observation of the coronograph) has a direct and important impact on the accuracy of the representation. However, for the derivation of mass and energetics, we only focus on ''limb'' CMEs, i.e., CMEs propagating in a direction perpendicular to the axis of observation. This case is supposed to be the most favorable one for studying CMEs, since it minimizes the projection effects. However, an important parameter is the angular width of the CME out of the plane of sky. Indeed, for our analysis of the line-of-sight images, all the mass increase is assumed to be in the plane of the sky, and this will have an important influence on the mass and energetics derivation. Deriving mass from spectrometric coronographs is fairly direct. The first step is to visually delineate the flux rope in the images. Then a preevent image is subtracted from the frames containing the CME. Assuming that all the mass is in the plane of the sky, the observing brightness is directly proportional to the number of scattering electrons, which is proportional to the mass of the CME. Since in fact a CME is a three-dimensional structure, this method will give a lower limit of the mass of the CME. Vourlidas et al. (2000) quantify this underestimate to be close to 15%-20%. This method is used to get the mass surplus due to the CME by only considering the regions with a greater density than the background density of the solar wind. In calculating CME mass from the three-dimensional data, we also integrate only the mass surplus. The other quantity that we need to calculate the energy from the coronograph images is the position of the center of mass. Once the position of the center of mass has been calculated for different times, the speeds and accelerations can be obtained either by fitting a second-order polynomial or by numerical differentiation (Zhang et al. 2004) . In this article, we use the numerical differentiation method. Then the kinetic and gravitational energies are determined as follows:
where r CM and v CM are, respectively, the position and speed of the center of mass, m is the total mass calculated, and dm(x; y) and r(x; y) are, respectively, the mass and radial distance with respect to the Sun of one given numerical cell. Here we only focus on the determination of the mass and energies for limb CMEs. We evaluate the needed quantities from the synthetic white-light images. However, instead of visually delimiting the flux rope boundaries, we put conditions on the increase in the observed brightness compared to a preevent image. We consider that any point with a brightness increase of more than 4% will be part of the CME. To have an estimate of the possible numerical noise associated with this fixed limit, we also calculate the same quantities for a brightness increase of 3% and 5%. The consequence of this definition of the area of the CME is that the mass and energies are mostly calculated for the front dense shell of plasma, whereas the similar calculations from real coronograph images in the lower heliosphere are mostly based on the dense core of plasma. Note also that for the mass evaluation based on real coronographs, the coronal plasma is supposed to be a mixture of ionized hydrogen and helium (accounting for 10% of the mass). Since our simulation is based on single-fluid MHD, we assume that the plasma is only composed of protons, in order to derive the mass consistently with the threedimensional results.
Evaluation of the Mass
The mass derived from line-of-sight images has been calculated and is shown with a dashed line in Figure 5a , along with the mass inferred from the three-dimensional data shown with a solid line. Figure 5b shows the total CME mass derived from the three-dimensional data and the mass of the density-depleted cavity in solid and dashed lines, respectively. The speed of the CME is shown with a dot-dashed line. First, it can be seen from the calculation based on the three-dimensional data that the mass directly expelled by the CME (calculated 15 minutes after the CME initiation) is about 10 16 g. The total expelled mass then steadily increases to reach a value of about 2 ; 10 16 g just 1 hr after the CME initiation. After this time, the total expelled mass keeps on increasing with a reduced rate to reach a value of 2:26 ; 10 16 g 2.5 hr after the CME initiation, at which time the front shock is at a distance of 15.4 R . In the next phase, the expelled mass increases to reach a value of 3:5 ; 10 16 g when the front shock reaches 45 R . Eventually, the mass increase continues more slowly, up to a mass of 4:7 ; 10 16 g when the front shock reaches 190 R . The mass in the density-depleted cavity increases in a first phase to reach a value of 6 ; 10 15 g when the front shock reaches 23 R and afterward slowly grows beyond this value. It can be observed that these different rates of increase of the CME mass are closely related to the different phases of deceleration of the flux rope as seen in the dot-dashed line in Figure 5b . In particular, the large mass increase during the first hour of the propagation of the CME is clearly correlated with the steep deceleration of the flux rope during the same time. The mass increase during the CME propagation is due to the presence of an expanding front shock propagating ahead of the CME and the compression of the plasma associated with it (Manchester 2004a) . The large mass increase in the density-depleted cavity in the first phase is due to the overexpansion of the flux rope. The dense core of plasma, which has been identified in Figure 3 (top) is expanding faster than the ambient solar wind so that its density decreases faster than the background density. The density inside this core of plasma becomes lower than the background solar wind density (but still remains higher than the density of the surrounding cavity, in which the core is embedded). Thus, there is effectively a mass increase associated with the cavity and a mass decrease of the dense core. The slow increase in cavity mass afterward is associated with the growth of a rarefaction behind the flux rope.
A first look at the mass derived from the synthetic line-ofsight images shows that this method gives a general underestimate of the mass expelled by about 50% but gives a time variation in good agreement with the three-dimensional calculation. Half an hour after the CME initiation, the mass inferred from line-of-sight images is 0:62 ; 10 16 g, that is, 46% of the mass derived at the same time from the three-dimensional data. The expelled mass is then increasing until the front shock of the CME reaches the limit of the field of view of LASCO-C3 (after about 5 hr). The reduced mass and slower increase observed in the total mass derived from the synthetic white-light images has two main causes. First, it is a direct consequence of the assumption that all the mass is in the plane of sky. As the CME is propagating, the shock occupies a larger and larger spatial extent, and consequently, this assumption becomes worse and worse. Second, during the propagation, the front shock (enhanced density) is wrapping around the cavity (depleted density). Thus, the same line of sight can go through a region of enhanced density and a region of reduced density, and the result will be an apparent reduction of the swept-up mass. At the edge of the CME, the line of sight passes only through densityenhanced regions that appear bright in the coronograph images. In the center of the CME, the line of sight passes through the dense shell as well as the cavity from which plasma was removed, so that the total brightness does not increase as much. We come back to the problem of projection effects and shock wrapping in x 7. Another method to obtain mass and energetics of CMEs is based on the observations by zodiacal light photometers (Helios 1 and 2) , which observe the inner heliosphere (the inner limit of the fields of view for Helios photometers closest to the Sun ranges from 17 to 57 R ). A comparative study of mass and kinetic energy obtained for Helios photometers and Solwind coronograph has been done by Webb et al. -(a) Solid line: Time evolution of the mass of a CME derived from the three-dimensional data. Dashed line: Time evolution of the mass of a CME derived from the synthetic white-light images for the same simulation. (b) Solid line: Time evolution of the mass of the CME up to 1 AU derived from the three-dimensional data. Dashed line: Time evolution of the mass of the density-depleted cavity up to 1 AU derived from the three-dimensional data. Dot-dashed line: Time evolution of the flux rope velocity up to 1 AU derived from the three-dimensional data. (1996) . Mass evaluation based on Helios spacecrafts is found to be, on average, a factor of 3 larger than the Solwind mass for the same CME. This difference can be explained in part by the increase of the CME mass during its propagation from Solwind's field of view (3-10 R ) to the Helios photometers' field of view (up to 129 R ). As Figure 5b shows, for our simulation, the CME mass increases by a factor of 3, when the front shock propagates from the Sun to about 35 R . Another possible reason pointed out by Webb et al. (1996) is that the photometers have a better ability at capturing the extended mass flow of the CME. However, even this method is expected to give a lower limit of the CME mass, as it uses the assumption that all the mass is at the point of closest approach of the line of sight. Eventually, it is worth noting that the estimation of CME mass from real coronographs often shows a complex time dependence, when the physical processes should mostly tend to increase the mass. We show here that those nonmonotonic time dependencies can, at least in part, be explained directly as the effects of the assumptions used to derive the mass.
Evaluation of the Energy
Different forms of energy have been calculated with the formulas described in the above section. First, it should be noted that the underestimation of the mass that we have just described will have a direct consequence on the kinetic energy derived for the same set of data. Figure 6b shows the value computed for the kinetic and gravitational energies based on the synthetic coronograph images.
First of all, the kinetic energy appears to be the dominant energy for all time for the CME, the gravitational energy being about a factor of 5 less. This result is expected, since the simulated CME has a velocity greater than the escaped velocity. The time variation of the gravitational energy is quite simple: a constant gravitational energy up to 2.5 hr, followed by a slow decrease of about 40% in the next 3 hr. The kinetic energy shows a much more surprising behavior with two important peaks. There are different factors that account for this behavior. First, the calculation of the kinetic energy uses the center-of-mass velocity and the total mass, and it is only supposed to be an approximation of the total kinetic energy, which is an integral over the entire volume of the CME. Thus, variation in the speed of the center of mass will be directly reflected in the kinetic energy, while the direct integration based on the three-dimensional data gives smoother results. Then the derivation of the speed itself is based on numerical differentiation of two images 1 hr apart, and this cannot lead to the same velocity that the three-dimensional data gives. However, the general shape of the velocity curve from white-light images is in fairly good agreement with the velocity at the center of the flux rope from the three-dimensional simulation, even if the increases and decreases have a too large slope (see Fig. 6a ). Even though the mass calculated from the white-light images decreases from 3 to 3.5 hr at a time when the kinetic energy decreases as well, most of the time variation of the kinetic energy can be directly linked to the variation of the center-of-mass speed. The underestimate of the speed is a direct consequence of the adaptation of the method aimed at deriving speed from synthetic coronographic images. Indeed, the presence of the shock in the simulation that extends behind the flux rope leads to a reduced distance of the center of mass from the Sun, as the part of the CME in the midlatitude regions is closer to the Sun and will tend to push the center of mass toward the Sun. When we compute the position of the barycentric radius instead of center of mass, we obtain a velocity curve in better agreement with the time evolution of the speed of the center of the flux rope.
SIMULATED STEREO LINE-OF-SIGHT IMAGES
The next interesting application of synthetic coronograph images is related to the preparation of future or prospective CMEobserving missions. To illustrate this point, we discuss in this section the STEREO mission. The STEREO mission is a NASA program composed of two identical spacecrafts, which will be sent in 2005 to Earth-like orbits. One satellite will be leading Earth, while the other will be lagging Earth, both will move away from Earth at a rate of about 22N5 yr
À1
. The Sun-Earth Connection Coronal and Heliospheric Investigation (SECCHI) will be the instrumental suite aimed at observing CMEs. It will be composed of an extreme ultraviolet (EUV) disk imager, two classical coronographs (COR1 and COR2), and a heliospheric imager. HI is the most challenging instrument of SECCHI with a field of view of about 85 observing the sky along the Sun-Earth line up to 330 R . One of our goals in producing synthetic coronograph images is to simulate how the two STEREO spacecrafts will image a CME once they have drifted from Earth by some angle (we focus on a separation of 60 between the two satellites, which will occur about 16 months after the launch of the mission). We produce white-light images of CMEs as they would be observed by HI-2, which has a field of view of 70 from 68 to 331 R . Since this field of view is centered at 200 R , we make plots of the CME 49.4 hr after its initiation. At this time, the front shock is at $165 R and the flux rope center at $150 R , both within the field of view of HI-2 for a very large number of cases with different geometrical configurations. We investigate the ability of STEREO to obtain information about the three-dimensional structure of the density thanks to the stereographic view of two spacecrafts imaging simultaneously the same CME.
We focus on two different cases. The specific geometry of those two cases is summarized in Figure 7 . First, the CME makes an angle of 15 with the Earth-Sun line in the x-y plane. In this case, one satellite is 15 away from the CME, while the other is 45 away from the CME in the other direction. Both satellites have thus a combination of the front and side view, dominated by the side view, and look directly at the CME. In the second case, we consider a CME making an angle of 60 with the Earth-Sun line in the x-y plane. In this second case, the CME is inside the field of view of one of the satellites, whereas the second one looks away from the center of the CME. This way, the two cases allow us to investigate two very different situations that might happen frequently during the STEREO mission. The center of the line-of-sight images is 200 R , and the synthetic field of view is 70 330 R . The images corresponding to these two cases are shown in Figure 8 . The concave-outward indentation of the shock is clearly visible in both views in the first case. Here we predict that the existence of a concave-outward indentation in the front shock could be directly detected in line-of-sight images in the future. CMEdriven shocks have been detected in the low corona by LASCO and SMM (Sime & Hundhausen 1987; Vourlidas et al. 2003) , so the detection of this concave-outward shock might be possible with the help of STEREO. This will give extra information about shock formation and propagation, in addition to the in situ observations of interplanetary shocks at 1 AU by Advanced Composition Explorer (ACE) Wind. Another interesting feature that can be identified in the À15 , +45 , and +90 views is the existence of a reverse shock, whose position after 49.4 hr can be estimated as being 130 R . Furthermore, this reverse shock makes an angle of $25 with the direction of propagation of the CME. Similarly, this feature has been described in previous simulations and has been observed by in situ spacecrafts such as ACE Wind (Gosling et al. 1994 (Gosling et al. , 1995 , but no direct coronograph detection has been reported yet. We predict STEREO should be able to observe reverse shocks driven by CMEs. Panels À15 and +45 show a view similar to a side view, thus clearly showing that the CME is propagating close to the SunEarth line. Panel À15 has a less-intense brightness increase than panel +45
; revealing it captures a less wide extent of the front shock, which is in agreement with the CME propagation axis being closer to this satellite. Panel +30
shows a very faint view of the CME, different from the other three, whereas panel +90
shows a normal side view of the CME, very similar to the one in panel +45
. This is once again in agreement with the above statement-that the satellite at +30 looks away from the CME, and the fact that the second satellite is nonetheless able to record the CME-tells us that the CME is propagating Fig. 7. -Two cases considered for the observation of the CME by the STEREO missions, 49.4 hr after the launch of the CME. The Sun is represented by the yellow circle in the middle of the figures, Earth by the blue circle, the two STEREO spacecrafts by the red circles. The CME front shock is approximately represented by the red arc and is situated at 165 R . The fields of view of HI-2 on board the STEREO spacecrafts are shown. Case 1 (left): The CME is propagating along an axis making an angle of 15 with the Sun-Earth line. The two spacecrafts are on Earth-like orbits heading and trailing Earth by 30 , so that one is + 45 away from the CME axis of propagation and the second one is À15 away from this axis. Case 2 (right): The CME is propagating along an axis making an angle of 60 with the Sun-Earth line. The two spacecrafts are on an Earth-like orbits heading and trailing Earth by 30 , so that one is 90 away from the CME axis of propagation and the second one is 30 away in the same direction.
in the y > 0; x < 0 quadrant of the sky. Further information can be obtained about the CME itself in this second case. Having realized that the satellite is making an angle of +30 with the Sun-Earth line looks away from the CME, the fact that it is nonetheless able to capture both a brightness increase and decrease in the line-of-sight images tells us about the spatial extent of the shock (for the density increase) and the overexpanded cavity (for the density decrease). Calibrations and case studies should allow a fair determination of both the axis of propagation of the CME and its angular width. Having this information will be very important to constrain models to perform threedimensional tomography of CMEs.
DISCUSSION AND CONCLUSIONS
We have investigated line-of-sight images of a fast CME propagating in the solar corona and in the heliosphere. Our model includes a bimodal solar wind that is characteristic of solar minimum conditions and a flux-rope driven CME that propagates with a peak velocity over 1000 km s
À1
. We find a concave-outward indentation of the front shock of the CME, which forms due to the different propagation speeds encountered by the shock in low-and high-latitude regions. We expect wideangle coronographs such as STEREO to be able to detect this particular feature. Front views will probably provide less information on the CME, as the halo has become very faint at the time it reaches the field of view of HI-2. The presence of two identical satellites looking at the CME from different perspectives provided by STEREO will certainly help determining the axis of propagation of the CME and its angular width. We also reproduce the method used to obtain the mass and energetics of CMEs from line-of-sight images and find an underestimate of a factor of $2 of the inferred mass in comparison with the mass derived from the three-dimensional data. However, the time variation inferred from the line-of-sight images is consistent with the time variation derived using three-dimensional data. Two reasons can be invoked to explain the underestimation of the mass, and they can be easily understood using threedimensional density isosurfaces, such as the ones shown in Figure 3 . First, the assumption that all the CME mass is in the plane of the sky is poor in the case of our simulation due to the large extent of the dense shell of plasma. This assumption is more likely valid for jet-CMEs such as the one reported by Vourlidas et al. (2003) . The second reason has been less examined so far, but it should make an important contribution to the underestimate of the mass as well for fast CMEs. As the front shock is wrapping around the cavity, a single line of sight can go through both density-enhanced and reduced regions. The net result will be that the brightness increase associated with swept-up with Earth in the ecliptic plane, as it would be observed by STEREO, both satellites being separated by 60
. Panels (c) and (d ) show a similar stereographic view of a CME propagating in the direction making an angle of 60 with Earth in the ecliptic plane. Both spacecrafts are again separated by 60 . Each panel corresponds to the time t ¼ 49:4 hr after the CME initiation.
compressed plasma is offset by the dim cavity formed inside the shock front. As there are no methods of deconvoluting the different contributions, the mass calculated for this particular point will be an underestimate of the real mass swept up by the CME, and it will only reflect an average of the mass in the shock and in the cavity. Such effects are always present for the front view, where most of the lines go through both the shock and the cavity. The impact is smaller for the other views in the first stages of the CME propagation. However, as the front shock expands, the probability of a single line of sight going through both densityenhanced and depleted regions becomes more and more significant, resulting in an underestimate of the total mass expelled with the CME. One of the concerns in comparing our simulation-based results with results from real coronographs is the usual absence of a strong front shock in the LASCO images of the CMEs, and the fact that we find that most of the mass of the CME comes from the shock and postshock regions. These effects have been discussed in previous studies (Vourlidas et al. 2000; Burkepile et al. 2004 ). The main restriction of our model is that this CME simulation is relevant to large angular CMEs belonging to the widest 5% according to the statistical study in Burkepile et al. (2004) . In this case, the assumption that all the mass is in the plane of the sky is particularly poor. The result that the mass derived from coronograph images is an underestimate of about 50% of the real mass of the CME is thus probably an upper limit, and the values reported by Vourlidas et al. (2002) of an underestimate of about 20% might be relevant for CMEs with an angular width closer to the median reported width of 46 . This fact leads as well to the position of the center of mass being pushed toward the Sun as more mass is in the edge of the shock, away from the axis of propagation of the CME. Thus, the velocity derived from the synthetic coronograph images is reduced and leads to an underestimate of the kinetic energy. However, it must be kept in mind that the angular extent of the simulated magnetic cloud at 1 AU is in good agreement with observations, and the overexpansion of the CME compared to observations is probably limited to the early phase of its propagation. Eventually, the mass calculation based on the three-dimensional results has a further limitation. The simulated proton density is in good agreement with observations in the inner heliosphere, but at 1 AU, it shows an overestimation of the density by a factor of $3. Thus, we expect a reduced mass increase in the outer heliosphere compared to what is shown in Figure 5b . This fact has no influence in the conclusion that the coronograph images underestimate by as much as 50% the mass of CMEs in the lower heliosphere.
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